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Supplementary Methods
Animals. The prairie vole colony was originally established from a generous donation from Dr. Joseph Lonstein at Michigan State University, originating from wild stock fieldcaught prairie voles from Illinois. Diversity in the colony was maintained by generous donations of prairie voles from Dr. Phillip Smith at Texas Tech University and Dr. Karen
Bales at the University of California, Davis. Subjects had access to cotton nestlets that were replenished once a week during cage change and provided with food (LabDiet HiFiber rabbit chow, Nutrena Cleaned Grains cracked corn, and Grainland Select Grains oats) and water ad libitum. Breeding pairs were checked for new births between 0700h-0800h each day. If pups were found, the day of discovery was marked as postnatal day 1 (P1). On P21 litters were removed from the shakers (or shelves), weighed, and weaned into cages of same sex littermates consisting of 2-4 animals, depending on litter size. Parents were returned to the colony as breeders. Effort was made to counterbalance breeders across control and shaker conditions to minimize litter and genetic effects. After weaning, male and female subjects were housed in different rooms under the same light, humidity, and temperature conditions.
Surgical implantation of EEG electrodes.
A custom-made electrode was created for each animal, beginning with an 8-pin (two-row, four column) female header socket (MillMax). Four silver wire EEG leads (A-M Systems, Inc.) were soldered to the top row of pins, and three insulated silver wire EMG leads were soldered to the bottom row, leaving one pin empty. After soldering, the entire electrode was sprayed with a flux remover spray (Precision) and allowed to dry for at least 24-hours before being used in surgery. During surgery, the skull was exposed, and small holes were created for the placement of two frontal and two parietal EEG leads. The coated EMG leads were partially stripped of their insulation before being routed through the dorsal neck muscles (one on top and two underneath). EEG leads were placed in the previously created holes and the entire head electrode was secured to the skull using both dental cement and a small amount of super glue (Loctite). The animal then received subdermal fluids and acetaminophen diluted in water (32 mg/mL) before being placed onto a heating pad until ambulatory and then returned to the home cage. Voles were individually housed in adjacent cages and provided hydrogel as a water substitute and Diet-Gel in addition to standard food. Cages remained secured to an inactive shaker during baseline recording days.
Sleep scoring. EEG channels were filtered with a high-pass filter at 0.75 Hz and EMG channels with a band-pass filter from 20-50 Hz. Wake was defined by high amplitude, mixed frequency EEG paired with high amplitude EMG; NREM was defined by high amplitude, low frequency EEG paired with low amplitude EMG; REM was defined by low amplitude, high frequency EEG paired with low amplitude EMG.EDF files were Sleep scored files were carefully combed by a trained observer (C.E.J.). Epochs containing artifact signal were discarded for power spectral analysis, but were kept for sleep staging. Due to movement artifact commonly present in awake animals, only NREM and REM sleep states were examined. Transitional sleep stages (the epoch immediately preceding or following a different stage) were also discarded for analysis.
In all animals, at least 100 epochs contributed to the calculation of power. 
Novel object recognition test (NORT).
Prior to the NORT test, all animals were habituated to a testing chamber identical to their home cages but with higher walls (27cm x 27cm x 18cm) for 30 minutes without bedding. Chambers were fitted with custom made clear acrylic lids (Omnitech Electronics Inc, Columbus, OH, USA) designed with air holes around the perimeter allowing for overhead recording with digital cameras (GoPro HERO Session). Twenty-four hours later, subjects were returned to the testing chambers, which were fitted with two identical novel objects affixed to the bottom of the chamber with permanent strength GlueDots ® . During this acquisition phase, subjects were placed in the center of the chamber facing away from the objects and allowed to interact with the objects for 9 minutes before removal from the chamber.
Subjects were returned to their home cages with their respective cage-mates in an adjoining holding area for a 10-minute delay. During this delay, objects and chambers were sprayed with 70% ethanol, rinsed thoroughly with water, and dried with a paper towel. One of the objects was replaced with an unfamiliar object also washed with ethanol followed by water. The object presented first, as the familiar object, as well as location of the novel object (left or right) was counterbalanced across groups. After the 10-minute delay, subjects were returned to the chambers for novel object recognition testing and allowed to interact with both objects (one familiar and one novel) for another 9 minutes.
Parental care observations. At least 30 minutes prior to recording, wire tops were replaced with clear acrylic covers for unobstructed video monitoring. After each recording, all clear cage tops were replaced with standard cage tops. 12 litters of voles (8 separate breeder pairs) were recorded, and a 30 minute segment of video was scored by a trained observer (M.E.K) for parental care behaviors using Stopwatch+ (Center for Behavioral Neuroscience, Georgia State University). Behaviors scored can be found in table S2. Neither retrievals nor aggression were significantly different between ELSD and control conditions in either sex and both only occurred rarely (average <1 count per recording for each sex, data not shown). Breeder pairs were not themselves sleep disrupted during development and had previously reared at least one litter together.
Partner preference test. Partner preference testing was conducted between 1300h-1900h, towards the latter portion of the light cycle. Subject males were paired with an ovariectomized, estrogen primed female. A "stranger" stimulus of similar age was also ovariectomized, primed, and housed in the same room but not allowed to interact with the test subject. Although specific parameters of pair bond formation show some variability between labs, this period of cohousing with a female is typically sufficient to observe a partner preference in healthy male prairie voles. Subject females were left intact and were paired with an age-matched "partner" male vole for 24 hours of cohabitation.
Ovariectomies and estradiol priming of stimulus females. Female stimuli were ovariectomized at least two weeks prior to behavioral testing. Isoflurane anesthesia was induced at 3-5% and maintained at 1-2%. Animals were shaved and prepared with ethanol and povidone-iodine before being dorsally incised approximately 2.5cm. A .5cm incision was made on each side of the spine, through which the ovarian fat pads were extracted. Using a hemostat to restrict blood supply to the ovary, the ovary and surrounding fat pad was excised on each side, and the initial dorsal incision was sutured with absorbable thread. Carprofen (5 mg/kg i.p.) was administered twice, once immediately following surgery as a prophylactic agent, and one day following surgery for post-operative analgesia. Prior to partner preference, stimulus females were primed with 2 µg estradiol benzoate mixed in sesame oil s.c. daily for 3 days prior to cohabitation to ensure behavioral receptivity.
Olfactory social recognition. Prior to the first odor presentation, voles were allowed to habituate to an empty cassette for 15 minutes. Voles remained in the testing arena for the duration of the 5 trials while an experimenter, blind to sleep condition, gently removed and replaced the cassettes for each trial. Trials were recorded under white light illumination with digital cameras. Videos were scored by a trained observer blind to sex, experimental condition, and trial number (C.E.J.). Rodents typically show high levels of sniffing and investigating during the first two odor cue presentations but rapidly habituate (as evidenced by a decrease in sniffing time in trials 3-4 to odor from the same animal). When odor from a new animal is presented (trial 5), dishabituation, or an increase of sniffing time is used as an indicator that the subject can distinguish between odor cues from the two animals. In both males and females, one animal was excluded from each group because they did not interact with the cartridge during any of the trials.
Final sample sizes for olfactory social recognition test were: male controls n=13, male ELSD n=9, female controls n=7, female ELSD n=11.
Parvalbumin IHC. Sections were washed 4-5 times in PBS preceding each of the following 3 steps: 1) 5 minute endogenous peroxidase inactivation with 0.3% hydrogen peroxide in PBS; 2) 5x 5 minute aldehyde blocking with 0.1M tris-glycine pH 7.4; 3) 5x 5 minute non-specific blocking and permeabilization with 4% nonfat dry milk in PBS + 0.2% Triton-X-100. After blocking, samples were incubated at 4°C for 48 hours in 1:500 dilution of mouse anti-parvalbumin (clone PARV-19, Sigma-Aldrich, St Louis, MO, USA; P3088, lot#059K4825) in 4% nonfat dry milk in PBS + 0.2% Triton-X-100. Sections were washed 5x 5 minutes with 4% nonfat dry milk in PBS + 0.2% Triton-X-100, then incubated for 1 hour at room temperature in 1:1,000 biotin conjugated secondary antibody (Biotin-SP anti-mouse; Jackson ImmunoResearch, West Grove, PA, USA; 715 065 150, lot#70624) in 4% nonfat dry milk in PBS + 0.2% Triton-X-100. After 4x 5-minute washes in 4% nonfat dry milk in PBS + 0.2% Triton-X-100, and 1x 5 minute wash in PBS, sections were incubated for 1 hour at room temperature in ABC reagent (Vectastain Standard ABC kit, Vector Laboratories, Inc., Burlingame, CA, USA), washed again in PBS and incubated in 0.5 mg/mL 3,3'-diaminobenzidine and 0.015% hydrogen peroxide in PBS for 4 minutes. Sections were washed 3x 5 minutes in PBS, mounted on gelatin coated slides, dehydrated in graded ethanols, defatted in Citrisolv and coverslipped with DPX mountant.
Statistical Analyses
Sleep EEG/EMG analysis. Time spent in sleep or wake stages was compared between shaker and baseline days using a paired t-test. Change in the percentage of time spent in each vigilant state on the shaker compared to off the shaker was calculated for each animal with one sample t-tests with a test value of 0 (0 indicates no change on shaker) and Bonferroni corrected for the three vigilant states. Thus, alpha values were adjusted to require a p value of 0.017 to reject the null hypothesis. Transitions from sleep to wake stages as well as sleep bout length were compared between shaker and baseline days using paired t-tests Bonferroni corrected for multiple comparisons (corrected p=0.025).
Power within frequency bands was analyzed with a repeated measures multivariate ANOVA, with baseline or shaker day as the within subjects factor.
Partner preference test. Total time huddling with partners compared to strangers was analyzed with a priori planned paired tests (Wilcoxon rank-sum test) for each group and sex individually to determine if prairie voles preferred one stimulus animal to another (time spent huddling with the stranger was not normally distributed). The total time spent huddling with stimuli animals was summed for the three hour test and analyzed with a two-way ANOVA.
Olfactory social recognition. Habituation to repeated bedding exposure from an opposite sex animal was determined using a repeated measures ANOVA with sleep group as sex as between group factors and exposure trial (trial 1-4) as the within group factor.
Reaction to new bedding in the final trial was analyzed with repeated measures ANOVA comparing time sniffing the cartridge in the final trial to sniffing in the preceding trial (trial 5 vs. trial 4).
Novel object recognition test -acquisition. The time interacting with the identical objects was scored for the acquisition phase. Objects were identical during acquisition and time interacting with either object was summed for total object interaction time and analyzed with two way ANOVA using sex and sleep group as factors.
Novel object recognition test -test. A novelty preference ratio was calculated during the novelty test by dividing the time spent with the novel object by the total time spent with both objects for the duration of the test. A novelty preference ratio of 0.5 indicates no object preference. Group differences in novelty preference were analyzed using twoway ANOVA with sleep group and sex as the between subjects factors. Object recognition was considered intact if a novelty preference ratio was significantly higher than 0.5 (a priori one sample t-tests, test value=0.5).
Parvalbumin Immunohistochemistry. Two-way ANOVAs were conducted on parvalbumin cell density (cell count/counting area) using sleep group and sex as between subjects factors. Significant main effects or interactions were followed up with independent samples t-tests.
To further explore the significant effect of early life sleep disruption on parvalbumin development within the somatosensory cortical levels, laminar analysis was conducted.
Cell counts were grouped based on distances in the Y-plane measured in 0.1mm bins from the pial surface (11 bins in total). Independent t-tests were performed at each bin level and a Bonferroni adjustment was used to maintain a Type I error rate ofα =.05.
With this adjustment, a t value was considered to be statistically significant only if the p value was less than 0.005. . Olfactory social recognition test. a) experimental design -ELSD and control animals were tested in an olfactory habituation-dishabituation task where olfactory cues from one animal was presented over 4 trials (10 min intertrial interval [ITI]), followed by olfactory cues from a new animal on trial 5. b) both male and female prairie voles showed a decrease in sniffing over the 4 familiar trials and an increase when olfactory cues from a new animal were introduced (trial 4 vs. trial 5), suggesting that olfactory social recognition was intact after ELSD. n=7-13/group. Error bars +/-SEM; *p<0.05 Table S1 . Repeated measures MANOVA statistics on EEG power within relevant frequency bands on the shaker compared to baseline. During a 4 hour time window (1200-1600h, lights on), average power at each frequency bin (~1Hz) was normalized to the total power (1-100Hz) for each animal within the sleep stage of interest and grouped as delta, theta, alpha, beta, gamma slow, and gamma fast (see methods for additional details Table S2 . Target parental behaviors analyzed in this study. All were scored for duration or for number of counts that the target parent performed the behavior towards one or more pups.
Behavior Definition
Huddling Body contact between parent and pups while the parent is still. No Pup Interaction Parent is not interacting with and not making any body contact with a pup.
Grooming Parent licks and grooms one or more pups.
Retrieval
Parent picks up pup who is NOT nursing and moves it to another location.
Aggression Parent lunges at or makes an aggressive stance towards one or more pups. 
